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Executive Summary
Solidification of waste involves encapsulation in a matrix, thus isolating it from the wider environment for
significant periods of time. The resulting encapsulated volume is referred to as a ‗wasteform‘. Wasteforms
disposed of in landfill facilities may be exposed to a mobile source of water which may remove quantities
of material, leading to a decline in strength. Subsequent failure is likely to lead to accelerated rates of
leaching of hazardous species. Thus, there is a strong argument for including testing requirements for
wasteforms which allow prediction of the extent to which physical integrity persists with time. The project
described in this document was aimed at devising a test method for characterising wasteforms in terms of
their likely physical stability and a system of performance criteria for either accepting or rejecting a
wasteform formulation.
A literature review examined existing UK guidance relating to the solidification of waste, leach tests used
by a number of countries and the range of models available for modelling leaching. The review also
examined the composition of three wastes deemed potential candidates for solidification in wasteforms –
incinerator fly ash, electric arc furnace dust and electroplating sludge – in terms of their chemical and
mineralogical composition. Finally, data relating to the chemical nature of leachate from landfills was
collected, obtained from the literature and from a UK landfill operator.
The approach taken to developing a test was to devise a means of predicting long-term degradation in
strength which could be employed using data obtained from a relatively simple and short test procedure.
Three leaching models were evaluated – a simple mass-transfer approach, a geochemical speciation
programme (coupled with a finite-difference mass transfer model) and a 3-dimensional matrix model
(again coupled with a finite-difference mass transfer model). It was necessary to divide the model
evaluation into two sections, because the data from the literature used to evaluate leaching did not provide
sufficient background information to provide input to the 3-dimensional matrix model. The simple masstransfer approach yielded the best fit to the data used for evaluation.
An experimental programme was devised which was based around testing using conditions essentially
identical to the NEN 7375 leach test, but incorporating measurement of loss of strength. Two wastes were
studied – incinerator fly ash and a simulated electroplating sludge - whilst three wasteform matrices were
used – a cement-based matrix, sintered glass and bitumen. Investigation of the effect of different
specimen sizes was built into the study, along with the effect of leachant pH.
The experimental programme used to validate the use of NEN 7375 tank test leaching conditions
established that leaching of bulk constituents from wasteforms seldom follow a simple diffusion-controlled
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path. Instead, they display behaviour characteristic of leaching in which the leached components are
becoming depleted, or in which degradation of the matrix appears to progress in an unstable manner. For
this reason it has been necessary to address these different modes of leaching in the methodology for
interpretation of the test results.
The need for additional components to the test procedure was also highlighted by the development of
compressive strength in some cement-based specimens during the test.
Another issue to arise from the testing programme was that smaller specimens were found to produce
highly variable compressive strength results when a brittle (in this case, glass) matrix was used. This has
lead to the larger specimen size studied during the experimental programme to be adopted for the test
methodology.
Leaching and loss of strength were also examined when the initial acidic leachant pHs were employed.
One reason for taking this approach was to establish the viability of using acidic leaching conditions as a
means of accelerating the degradation process. Whilst accelerated leaching was observed in many cases,
some matrix / waste combinations displayed far more complex behaviour, leading to the conclusion that
simple exposure to a low pH environment was provided no guarantee of accelerated degradation.
Specifically acidic conditions did accelerate leaching in cement-based wasteforms, whereas in glassbased specimens more complex behaviour was observed.
Following on from the findings of the experimental programme, methodologies have been proposed for
testing and interpretation. The approach to interpretation is to use leachate conductivity measurements as
a means of identifying the leaching mechanism and to use this knowledge to predict the likely decline in
strength. From this, a predicted ultimate strength can be calculated which is used as a means of deciding
on the adequacy of the wasteform formulation.
Testing is normally over 64 days.

Project Report to Defra
8.

As a guide this report should be no longer than 20 sides of A4. This report is to provide Defra with
details of the outputs of the research project for internal purposes; to meet the terms of the contract; and
to allow Defra to publish details of the outputs to meet Environmental Information Regulation or
Freedom of Information obligations. This short report to Defra does not preclude contractors from also
seeking to publish a full, formal scientific report/paper in an appropriate scientific or other
journal/publication. Indeed, Defra actively encourages such publications as part of the contract terms.
The report to Defra should include:
 the scientific objectives as set out in the contract;
 the extent to which the objectives set out in the contract have been met;
 details of methods used and the results obtained, including statistical analysis (if appropriate);
 a discussion of the results and their reliability;
 the main implications of the findings;
 possible future work; and
 any action resulting from the research (e.g. IP, Knowledge Transfer).

BACKGROUND
Solidification treatment of hazardous wastes, to produce monolithic ‗wasteforms‘ for landfill disposal, is an option
which is becoming increasingly attractive. Solidification involves encapsulation in a matrix, thus isolating waste
from the wider environment for significant periods of time. The resulting encapsulated volume is referred to as a
‗wasteform‘.
At present, acceptance criteria for wasteforms for disposal in landfill facilities are that they should meet an organic
carbon limit, a compressive strength test and leaching limit values for inorganic parameters of environmental
significance using the NEN 7375 test.
However, the strength of almost any material is a dynamic property which will change with time. In a worst-case
scenario, wasteforms may be exposed to a mobile source of water which may remove quantities of material. As
material is removed, the porosity of the wasteform will increase and its strength will decline as a direct result. If
failure of monolithic wasteforms occurs, a greater surface area will be exposed, leading to higher rates of
leaching.
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Thus, there is a strong argument for including additional requirements for wasteforms which allow prediction of
the extent to which physical integrity persists with time, to ensure that scenarios such as that described above are
avoided. This project aims to devise a test method for characterising wasteforms in terms of their likely physical
stability and a system of performance criteria for either accepting or rejecting a wasteform ‗recipe‘ based on the
test results.

OBJECTIVES
The overall aim of this Project was to devise an effective method for characterising monolithic wasteforms derived
from solidification treatments to establish their appropriateness in terms of long-term physical stability, thus
enhancing the confidence with which such treatments can be employed. Such a method should be suitable for
use as an acceptance and / or compliance testing procedure for wasteforms containing a given waste and
manufactured using a given matrix material. A series of specific project objectives are listed below:
1.

Conduct a review of best practice and identify and analyse models of leaching and deterioration of
wasteforms containing radioactive and non-radioactive wastes.

2.

Evaluate the suitability of using existing models to predict long-term performance of non-radioactive
wasteforms, utilising results from the NEN 7375 tank test.

3.

Develop a protocol for characterising wasteforms for predicting long-term performance in terms of
physical stability.

4.

Validate and refine the protocol by applying quantitative measures of goodness-of-fit to results of NEN
7375 tank tests and compressive strength measurements conducted on wasteforms containing synthetic
wastes with compositions typical of UK major representatives of non-radioactive wastes suitable for
solidification.

5.

Develop guidance on carrying out characterisation and compliance testing to determine the physical
stability of a given waste / matrix combination.

These objectives were met by the project, with the exception that the use of the test results for compliance testing
was not explored, on the grounds that short testing periods were deemed inappropriate for longer term prediction
of performance.

RESEARCH ACTIVITIES
To achieve the objectives the activities described below were conducted. Full details are in the Technical Report.

Objective 1 - Literature Review
A literature review was conducted into existing UK guidance relating to the solidification of waste and leach tests
used by a number of countries, to achieve Objective 1. In addition, the review examined the range of models
available for modelling leaching, data relating to the composition of three wastes which are potential candidates
for solidification in wasteforms (incinerator fly ash, electric arc furnace dust and electroplating sludge) and data
relating to the chemical nature of leachate from landfills.
The following key points emerged from the literature review:


There is currently limited guidance on the formulation of wasteforms for non-radioactive wastes for
disposal in landfill facilities.



A range of leach tests exists but the tank and column tests are most applicable to the testing of monolithic
articles such as wasteforms, and of these, the tank tests are most likely to provide leaching conditions
which are most comparable to the sort of processes occurring in landfill.



The methods used in the modelling of leaching centre around simple mass transfer models,
thermodynamic dissolution models and 3-dimensional microstructural models.



Much work has been done into predicting the mineralogical composition of a cement paste based on its
initial constituents. Such an approach would be necessary if a thermodynamic dissolution model was
adopted for predicting leaching. Similarly, several models exist for predicting the dissolution of glass
based on its chemical composition.



Much data exists on the composition of incinerator fly ash and electric arc furnace dust. Less data exists
on electroplating sludges. However, for all materials it was evident that a broad range of compositions are
possible, meaning that there is no such thing as a ‗typical‘ material.
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In a number of cases, the chemical conditions measured in leachate from a number of landfill sites are
relatively consistent. However, in the case of the landfill site used for the disposal of hazardous waste,
which could be argued is most like the type of facility that would be used for the disposal of wasteforms,
there are significant fluctuations in the chemical nature of leachate.

Objective 2 – Model Evaluation
To achieve Objective 2, a leaching model evaluation study was conducted. Three approaches to modelling were
evaluated:




A classic mass transfer model
A 3-dimensional matrix-type model (CEMHYD3D)
A 1-dimensional geochemical speciation model (PHREEQC)

Data from the literature was employed as the set of data used for evaluation. This data provides leachate
compositions from leach testing carried out on cylindrical specimens comprising a mixture of Portland cement and
incinerator fly ash tested using the NEN 7375 test. Chemical species measured in the leachate were sodium,
potassium, lithium, calcium, magnesium, aluminium, silicon, iron, zinc, lead, cadmium, strontium, and barium.
In the case of the mass transfer and geochemical speciation approaches, sufficient data was provided to allow
complete modelling of the leaching process. In the case of the 3-dimensional matrix model, some pertinent data
was not available, meaning that evaluation in this case was deferred until experimental data was available.
Chemical species examined during evaluation were those which were present in relatively large quantities in the
test specimen and, therefore, liable to have a strong influence on physical integrity. When comparing models it
was necessary to select chemical species common to all models, and so calcium (Ca), aluminium (Al) and silicon
(Si) were used.
Measurement of goodness-of-fit of the model to the experimental data was achieved by calculating the  value
for each set of experimental and predicted data:
2

χ2  
where
and

O
E

=
=

(O  E ) 2
E

the observed (experimental) value;
the expected (predicted) value.

The criteria for the selection of a model for further application throughout the rest of the project were as follows:


the model should provide the largest number of best fits with the experimental data with respect to Ca, Al,
and Si;



in cases where two models both perform similarly in terms of best fits, the model which over-predicts
leach rates for the largest number of species would be selected.

On this basis, PHREEQC was discounted immediately on the grounds that its goodness-of-fit values were
consistently higher than the mass transport model, with the exception of Aluminium. Moreover, predicted total
leached values were below those of the experimental data in two instances.
The 3-dimensional matrix approach to modelling was deemed to be insufficiently flexible to permit adequate
prediction in the application under investigation.
Objective 3 – Protocol Development
A ‗framework‘ methodology for testing loss of compressive strength of wasteform formulations resulting from
leaching was devised based around the NEN 7375 test. The reason for using this technique as the basis for the
new test was that its nature mimics the types of exposure a wasteform is likely to encounter in landfill, and
because it is already used as a means of establishing the suitability of wasteforms in terms of the release of
environmentally significant elements. The adapted methodology included compressive strength measurements
and mass loss measurements as a means of establishing physical degradation. It retained the conductivity and
pH measurements from the existing method.
An experimental programme was devised to explore the validity of using this method to measure the rate of
physical degradation of a series of wasteform formulations. Wastes in the form of simulated electroplating sludge
and incinerator ash were used in combination with cement, glass and bitumen-based matrices. Additional test
variables explored were specimen size and pH. Using a series of specimen sizes not only allowed the effect of
specimen size to be studied, but also explored whether a smaller specimen size would lead to more rapid
degradation, allowing for better information with regards the rate of degradation to be obtained. Two acidic
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leachant solutions were also used in some tests to examine the effect of lower pHs on leach rates, with the
possible option of using such conditions to accelerate the degradation process.
Objective 4 – Protocol Evaluation
The experimental programme established the following key points:


None of the specimens studied during the experimental programme displayed loss of mass behaviour
during leaching which corresponds to a purely diffusion-controlled mechanism. Two types of behaviour
were observed: depletion, in which the rate of release declined faster than would be expected from
diffusion-controlled leaching (Figure 1), and leaching which accelerates after an initial period that would
appear to be diffusion-controlled (Figure 2). A purely diffusion-controlled leaching mechanism would
produce a straight line on plots of the sort shown in Figures 1 and 2.
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Figure 1. Cumulative mass-loss from the 50mm glass-based wasteforms containing simulated
electroplating sludge.
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Figure 2. Cumulative mass-loss from the 75mm bitumen/sand-based wasteforms containing simulated
electroplating sludge.


In the case of the cement-based wasteforms, acidic conditions did accelerate leaching (Figure 3).
However, in the case of the glass-based specimens, more complex behaviour was observed (Figure 1).
For this reason, and because the literature review indicates that acidic conditions are not commonly
encountered in landfill facilities, it is considered unwise to use acidified conditions as a means of
accelerating the test procedure.
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Figure 3. Cumulative mass-loss from the 50mm cement-based wasteforms containing simulated
electroplating sludge.
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In certain cases, a gain in strength was observed during leach testing (Figure 4). Such behaviour required
addressing by the test method.



In the case of the cement-based specimens, compressive cube strength testing yielded adequately
consistent results between specimens. However, the glass based-specimens displayed very large
differences in cube strength for cube specimens less than 75mm (Figure 5). For this reason, a cube size
of 75mm is recommended for testing.
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Figure 4. Compressive cube strength measurements obtained from the 25mm cement-based
specimens containing simulated electroplating sludge.
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Figure 5. Compressive cube strength measurements obtained from the 25mm glass-based specimens
containing simulated electroplating sludge.
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Because of the absence of purely diffusion-controlled leaching behaviour in the experimental programme,
an alternative model for predicting mass-loss has been devised. The model selected was based on a
hyperbolic, single rectangular, 2-parameter equation. This equation consistently under-predicts massloss. This problem can be overcome through the use of a factor of safety.



The behaviour observed in which the rate of leaching increased after a period of time is more difficult to
predict, since there exists uncertainty as to when and where the end-point of the leaching process is
located. For this reason, no means of prediction was suggested for this leaching mechanism.
Furthermore, it was proposed that the wasteform formulation should be deemed unsound for landfill
disposal, on the grounds that further acceleration of leaching is possible with associated rapid loss of
strength.

Objective 5 – Testing and Interpretation Methodologies
The proposed approach to the long-term prediction of degradation was based on the findings of Carde and
François. This research found that the loss in strength of a cement-based article undergoing leaching was directly
proportional to the ratio of the degraded cross-sectional area of the article (Ad) to its total cross-sectional area
(At). The depth of the degraded zone is controlled by diffusion and described thus:

e = Dappt
where e
Dapp
t

=
=
=

depth of degraded zone
apparent (or effective) diffusion coefficient
time.

Hence, the thickness of the degraded zone is directly proportional to the loss of mass from the concrete, in a
situation where mass loss is controlled by diffusion.
The ratio Ad/At for a cube is given by the equation:
2
2
Ad l  (l  2 Dappt )

At
l2

where l

=

the length of one side of the cube.

Thus, the decrease in strength of a cube undergoing leaching can be described by the equation:

s  b
where Δs
and
b

=
=

l 2  (l  2 Dappt ) 2
l2

the decrease in compressive strength of the cube;
a constant specific to the material under investigation.

Thus,

st  s0  b
where st
and
s0

=
=

l 2  (l  2 Dappt )2
l2

compressive strength at time t;
compressive strength before testing (i.e. at t=0).

Thus, by fitting a curve for a set of cubes whose strength is measured both before and after a leach test, a value
for Dapp can be obtained. Obtaining a value for Dapp allows a prediction of loss in strength over any time period,
assuming that diffusion controlled leaching persists over this time period, and the leachable constituents do not
become depleted.
The previous strength decrease equation assumes that strength will continue to decline indefinitely. However, in
reality the leachable constituents of a wasteform will become depleted. In a cube, the time at which depletion
occurs corresponds to the time at which the depleted zones on opposite sides of the cube meet at the cube‘s
centre. Thus, using the depletion zone depth equation above, the time at which depletion occurs in a real
wasteform (tdep) can be obtained:
2

tdep 
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Where a subscript ‗r‘ denotes the real wasteform and its absence denotes the test specimen.
The means of establishing whether the mode of leaching is diffusion-controlled can be through examination of
conductivity measurements obtained from the NEN 7375 test, since plotting this data in cumulative form on a
graph with logarithmic x and y-axes should yield a straight line. It should be stressed that a cumulative
conductivity plot will give an indication of the total mass of material being leached from a specimen. This means
that the resulting plot would potentially be a composite of several diffusion curves (or otherwise). Nonetheless,
since in most cases there will be a major constituent whose loss will have the most significant impact on strength
loss, interpretation of conductivity measurements in this way is likely to be valid.
For a larger wasteform, the time taken to achieve depletion will be longer, but ultimately the same strength will be
achieved. Where a state of depletion is approached during leach testing of a cube, it can be assumed that the
degraded zone has reached a depth close to half the length of the cube edge. Thus, the apparent diffusion
coefficient (Dapp) can be estimated by rearranging the depletion zone depth equation and substituting 0.5l for e.

Dapp 

l2
4t

Then the time at which depletion occurs in a real wasteform can be obtained on the same basis:
2

tdep

l
 r
4 Dapp

Where depletion occurs during a test, a conductivity plot should yield a curve tending towards a horizontal line
with increasing time. The approach taken to predicting the time of depletion and the extent to which leaching has
occurred at this point is to use the hyperbolic, single rectangular, 2-parameter equation, as discussed in Section
5. NEN 7375 takes the approach (for leachate emissions) of estimating an upper limit for leaching which could, in
theory, be adopted for this application. However, the approach taken by NEN 7375 is likely to overestimate
strength loss to an extent that any wasteform would not be considered acceptable for disposal.
Using the selected equation, the depth of the degraded zone becomes:

e

at
ct

where a and c are constants. Thus, the strength at time t is given by:

st  s0  b

l 2  (l  2

at 2
)
ct

l2

Again this equation can be fitted to strength data to obtain values for a, b and c.
In this case, due to the nature of the curve described by the hyperbolic equation, the time at which depletion
occurs in an actual wasteform cannot be predicted. However, the strength that a wasteform will ultimately fall to
can be calculated on the basis that the value of e tends towards a. Thus, the ultimate strength of the wasteform,
sdep, is given by:

sdep  s0  b

l 2  (l  2a)2
l2

Where the conductivity plot yields a curve which suggests a tendency towards the vertical, it can be assumed that
this is leaching via a mechanism which suggests instability and significant deterioration of the wasteform matrix.
For such results it is proposed that a wasteform formulation of this type should be deemed unsuitable for
disposal.
Based on this approach a procedure for preparing specimens was proposed, along with requirements for
apparatus, instrumentation, materials and reagents. The following test procedure was proposed:
Two specimens from the batch (of 10) should undergo compressive strength testing on the day that the test
begins (without being exposed to leaching conditions). The test pieces should not be exposed to water prior to
testing. Compressive strength testing should be carried out in accordance with BS EN 12390-3 (2002), with use
of Annex B – ‗Procedure for Testing Specimens with Dimensions which are Outside the Tolerances of the
Designated Sizes of EN 12390-1‘. If measurement of the cubes in accordance with B.3.2.1 of this Annex identifies
any dimension that is greater or less than 2 % from 75mm, the specimen should be adjusted as advised in Annex
A of BS EN 12390-3, by capping with sulphur mixture. Grinding, calcium aluminate cement and sandbox methods
2
of adjustment should not be used. Testing should be conducted using a loading rate of 0.40.04N/mm .s.
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1. Each tank should be filled with 126513ml of demineralised water.
2. Unwrap the test specimen, if wrapped. The specimen must be placed such that it is in contact with the water
on all sides, submerged by at least 2 cm. Seal the tank or bucket. Whilst leach test conditions are to be used for
all specimens, one specimen will be used for leachate analysis. This specimen is referred to as the ‗leachate
analysis specimen‘ below. The tank containing this specimen should be clearly marked ‗Analysis‘.
3. After six hours of exposure, the leachate analysis specimen should be removed from the tank and the
conductivity of the leachate measured using the conductivity meter.
4. The specimen should then be immediately placed back in the tank. It should not be rinsed or dried in any
way. In the case of the other specimens, the leachate solution should be poured away.
5. 126513ml of demineralised water should be poured into the leach tanks and the tanks resealed. This
process should be repeated at the following points in the testing programme:
1 day
2 days and 6 hours
4 days
9 days
16 days
36 days
64 days
6. A small quantity of dilute nitric acid should be passed through the filtration apparatus, followed by a sufficient
quantity of demineralised water to flush the apparatus of any contaminants from the leachate sample.
7. At test ages of 4, 16, 36 and 64 days, two of the specimens, other than the leachate analysis specimen
should not be replaced in their tanks, but removed and subjected within 1 hour of removal to compressive testing.

The interpretation procedure is as follows:
1. On linear axes, plot compressive cube strength versus time. If strength declines throughout the test, then the
procedures below can be used to further interpret the results of testing. If strength does not decline then the
guidance in Section C should be followed.
2. The ‗cumulative conductivity‘ of the leachate should be calculated for each leach test step using the equation:

σcx  σ0.25  σ1  σ2.25.....  σ x
where
and

cx
x

(1)
=
=

‗cumulative conductivity‘ at a time of x days;
conductivity of leachate at a test time of x days.

3. The common logarithm of ‗cumulative conductivity‘ (LOG(c)) versus the common logarithm of time (LOG(t))
should be plotted on linear axes. From this plot, the nature of the leaching of the major available components
of the specimen can be established. A linear plot indicates a leaching process which is diffusion driven (see
Figure 6.1). To establish whether a plot is linear, linear regression analysis should be conducted on the plot. If
the Pearson coefficient of correlation (R) is 0.999, then it can be concluded that leaching is diffusioncontrolled, and the procedure in Section A should be followed.
NOTE 1: The NEN 7375 test methodology utilises limits on slope values and standard deviations of slope
values as a means of establishing whether leaching is diffusion-controlled. However, these limits are directly
related to the quantity of leached species being released. In this instance, it is argued that the magnitude of
the slope cannot be used to indicate the mode of leaching, since a major constituent of the wasteform matrix
(which would yield a high slope value) could still be leaching via a diffusion-controlled mechanism. For this
reason the Pearson correlation coefficient is used as a measure of linearity, since it allows measurement
independent of the quantity of material leaching. The criteria for linearity adopted (i.e. 0.999) has been
adopted from criteria for linearity in the calibration of instruments for chemical analysis.
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Figure 6.1. Example of a linear cumulative conductivity plot.
4.

If R is <0.999, and the linear regression line at the 64-day point on the plot lies above the data plot at this
age (Figure 6.2), depletion of the leached components is occurring and the procedure in Section B should
be followed.

5.

If R is <0.999 and the linear regression line at the 64-day point on the plot lies below the data plot at this
age (Figure 6.3), it is possibly the case that the wasteform material is undergoing degradation in an
unstable manner. In such cases, it is advised that the development of a wasteform formulation is
revisited.

6.

The test report should contain the following details:
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)
(j)
(k)
(l)
(m)
(n)

identification of the test specimens;
age of specimens at start of leach test.
details of adjustment by capping (if appropriate);
date of tests;
compressive strengths of the specimens in Newtons per square millimetre (to the nearest 0.5
N/mm2);
unsatisfactory failure (if appropriate) and, if unsatisfactory, the closest type (as defined in BS EN
12390-2 (2000));
any deviations from the standard method of testing;
a declaration from the person technically responsible for the test that the testing was carried out
in accordance with this standard, except as detailed in item g);
a common logarithm plot of cumulative conductivity versus time;
the Pearson coefficient of correlation obtained from linear regression on the plot in item (i);
a plot of cube strength versus time;
the values of constants obtained from sections A1 or B1 (if appropriate);
the predicted depleted strength of the wasteform obtained from Sections A3 or B2 (if
appropriate);
a statement on the appropriateness of the wasteform formulation based on the guidance
provided in Sections 5, A4 or B3 (where appropriate).
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Figure 6.2. Example of a cumulative conductivity plot indicating depletion.
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Figure 6.3. Example of a cumulative conductivity plot indicating possible unstable degradation of the
matrix.
A1.
A curve described by the equation:

st  s0  b
where st
s0
b
X
t
l
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=
=
=
=
=
=

l 2  (l  2 Xt ) 2
l2

(2)
2
compressive cube strength at time t (N/mm );
2
compressive cube strength prior to testing (N/mm );
a constant;
a constant related to the apparent diffusion coefficient of material leaching
from the specimen;
time (days); and
length of cube edge (mm)
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should be fitted to the strength measurements plotted against time to obtain values for b and X.
A2.

The smallest dimension of the actual wasteform that is proposed to be used (lr) should then be inserted
into the following equation:
2

tdep

l
 r
4X
(3)

where tdep
A3.

=

the estimated time to depletion in the actual wasteform

(s).

The estimated compressive strength once the wasteform has become fully depleted of leachable material
(sdep) is estimated using the equation:

sdep  s0  b

l 2  (l  2 Xt dep ) 2
l2
(4)

This value should be expressed to one decimal place.
A4.

If the predicted depleted strength (sdep) is 4.5N/mm , then the wasteform formulation is appropriate for
disposal purposes.

B1.

A curve described by the equation:

2

st  s0  b
where st
s0
a
c
b
t
l

=
=
=
=
=
=
=

l 2  (l  2

at 2
)
ct

l2
2

(2)

compressive cube strength at time t (N/mm );
2
compressive cube strength prior to testing (N/mm );
a constant;
a constant;
a constant;
time (days); and
length of cube edge (mm)

should be fitted to the strength measurements plotted against time to obtain values for a, b and c.
B2.

The estimated compressive strength once the wasteform has become fully depleted of leachable material
(sdep) is estimated using the equation:

sdep  s0  b

l 2  (l  2a)2
l2
(4)

This value should be expressed to one decimal place.
B3.

If the predicted depleted strength (sdep) is 4.5N/mm , then the wasteform formulation is appropriate for
disposal purposes.

C1.

If the compressive cube strength of the specimens increases over the test period, this indicates that the
matrix used for solidification is still developing strength. If the compressive strength of the specimens
remains constant, this indicates either continued strength development combined with strength loss due
to leaching, or leaching at a rate which does not produce strength loss. In such cases, additional strength
testing is required to establish the age at which testing should begin.

2

Eight cubic specimens of dimensions 75mmx75mmx75mm are required. In the case of wasteforms using
a cement-based matrix, these should be prepared and cured in accordance with BS EN 12390-2 (2000).
However, the method of curing in a chamber at 20°C ±2°C and a relative humidity ≥95% should be
selected and the specimens should be individually wrapped in plastic film impermeable to water.
In the case of wasteforms utilising other matrices, procedures and conditions used to fabricate specimens
should follow those that are to be used at full-scale.
Compressive strength measurements should be conducted on pairs of specimens at ages of 14, 28, 56
and 112 days, or until the increment in the average strength obtained from a pair of specimens between
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adjacent ages is less than ±10% of the last average strength value obtained. This point should then be
used as the starting point of leach testing. If this point is not reached during the additional strength testing
programme, it is advised that the development of a wasteform formulation is revisited.

CONCLUSIONS
Key Findings
The project conducted three main tasks. Firstly it reviewed the literature concerning the solidification of waste as
wasteforms, the modelling of the leaching and degradation of wasteforms, as well as data relating to waste
compositions and landfill conditions. Secondly, it has attempted to evaluate different approaches to modelling
leaching. Thirdly, it has presented a proposed approach to testing (based around the Netherlands NEN 7375 tank
test) and validated and modified this approach to better deal with problems and anomalies observed during an
experimental programme.
The literature review examined a number of methods for leach testing and modelling of the processes occurring
during leaching. It also collated and reviewed data relating to compositions of several wastes suitable for
wasteform solidification and the chemical conditions encountered in landfills.
Three leaching models were evaluated – a simple mass-transfer approach, a geochemical speciation programme
(coupled with a finite-difference mass transfer model) and a 3-dimensional matrix model (again coupled with a
finite-difference mass transfer model). It was necessary to divide the model evaluation into two sections, because
the data from the literature used to evaluate leaching did not provide sufficient background information to provide
input to the 3-dimensional matrix model. The simple mass-transfer approach yielded the best fit to the data used
for evaluation.
The approach taken to testing wasteform formulations was to expose specimens to NEN 7375 leach conditions,
monitor the resulting decrease in strength and to use this data to predict subsequent strength loss.
The experimental programme used to validate the use of NEN 7375 tank test leaching conditions established that
leaching of bulk constituents from wasteforms seldom follow a simple diffusion-controlled path. Instead, they
display behaviour characteristic of leaching in which the leached components are becoming depleted, or in which
degradation of the matrix appears to progress in an unstable manner. For this reason it has been necessary to
address these different modes of leaching in the methodology for interpretation of the test results.
Another issue to arise from the testing programme was that smaller specimens were found to produce highly
variable compressive strength results when a brittle (in this case, glass) matrix was used. This has lead to the
larger specimen size studied during the experimental programme to be adopted for the test methodology.
Leaching and loss of strength were also examined when the initial acidic leachant pHs were employed. One
reason for taking this approach was to establish the viability of using acidic leaching conditions as a means of
accelerating the degradation process. Whilst accelerated leaching was observed in many cases, some matrix /
waste combinations displayed far more complex behaviour, leading to the conclusion that simple exposure to a
low pH environment was provided no guarantee of accelerated degradation.
Following on from the findings of the experimental programme, methodologies have been proposed for testing
and interpretation. The approach to interpretation is to use leachate conductivity measurements as a means of
identifying the leaching mechanism and to use this knowledge to predict the likely decline in strength. From this, a
predicted ultimate strength can be calculated which is used as a means of deciding on the adequacy of the
wasteform formulation.

Recommended Further Work
Whilst the selection of matrix and waste types has produced leaching behaviour and strength change results
covering a wide range of possible outcomes using the test method, there is a strong argument for extending the
range of matrix and, in particular, waste types to explore other possible modes and rates of degradation.
However, the two most important issues for which further investigation is recommended are the repeatability and
reproducibility of the method, and an assessment of the interpretation methodology against longer-term
performance.
Repeatability (i.e. variation in measurement by a single person following the procedure) is important in this
context, since it will give an indication of the adequacy of the factors of safety employed in the interpretation
methodology. The reproducibility of the method (the ability of the test to be accurately replicated by anyone
elsewhere) will give a general indication of the appropriateness of the proposed method, as well as providing
further indication of the adequacy of the factors of safety employed. Both qualities would be best assessed in the
form of a collaborative study involving multiple laboratories and multiple test specimens.
Assessing long-term performance would be most effectively achieved through field testing. In terms of assessing
longer-term performance, it is unlikely that actual landfill exposure is a possibility, since recovery of wasteforms
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from landfill facilities would prove impractical. However, deposition of specimens for long-term exposure
conditions similar to those experienced in landfill would be possible, and exposure to actual landfill leachate might
also be an option. Administration and funding of such studies may also present problems, but real long-term data
would be of great value in terms of validating and refining the proposed methodologies.

SID 5 (Rev. 3/06)

Page 16 of 21

References to published material
9.

This section should be used to record links (hypertext links where possible) or references to other
published material generated by, or relating to this project.
Andac, M. and Glasser, F.P., Long-term leaching mechanisms of Portland cement-stabilized municipal
solid waste fly ash in carbonated water, Cement and Concrete Research, Vol. 29, 1999, pp179-186
Andrés, A. and Irabien, J.A., The influence of binder waste / waste ratio on leaching characteristics of
solidified / stabilized steel foundry dusts, Vol. 15, 1994, pp343-351
Angel, S., Bradshaw, K., Clear, C.A., Johnson, D., Kenny, M., Price B.W. and Southall, M., The Essential
Guide to Stabilisation / Solidification for the Remediation of Brownfield Land Using Cement and Lime,
British Cement Association, 2004, 63pp
Asavapisit, S, Intarawong, S, and Harnwajanawong, N, (2003). Leaching Behavior of Heavy Metals from
the Solidified Plating Sludge under Various Leaching Conditions, J. Sc. Tech. Vol. 8, No. 1, pp. 1-12
Asavapisit, S. and Chotklang, D., Solidification of electroplating sludge using alkali-activated pulverised
fuel ash as cementitious binder, Vol.34, 2004, pp349-353
Asavapisit, S. and Ruengit, N., The role of RHA-blended cement in stabilizing metal-containing wastes,
Vol.27, 2005, pp782-787
Baes Jr., C.F. and Mesmer, R.E., The Hydrolysis of Cations, John Wiley & Sons, 1976
Banar, M., Özkan, A. and Kürkçüoğlu, M., Characterization of the leachate in an urban landfill by
physicochemical analysis and solid phase microextraction-GC/MS, Environmental Monitoring and
Assessment, Vol.121, 2006, pp439-459
Beaudoin, J.J., Ramachandran, V.S. and Feldman, R.F., Interaction of chloride and CSH, Cement and
Concrete Research, Vol. 20, 1990, pp875-883
Bennet, D.G., Liew, S.K., Mawbey, C.S. and Read, D., CHEMTARD — a computer program for simulating
the migration of chemical species through saturated porous media, NEA-1346/01, 1991
Bentz, D.P., Three-dimensional computer simulation of Portland cement hydration and microstructure
development, Journal of the American Ceramic Society, Vol. 80, No. 1, 1997, pp3-21
Bentz, D.P., CEMHYD3D: A Three-Dimensional Cement Hydration and Microstructure Development
Modelling Package. Version 2.0, NISTIR 6485, 2000
Berner, U.R., Modelling Porewater Chemistry in Hydrated Portland Cement, Mat. Res. Soc. Symp. Proc.,
Vol. 84, 1987, pp319–330
Bingham, P.A. and Hand, R.J., Vitrified metal finishing wastes. I. Composition, density and chemical
durability, Journal of Hazadous Materials, Vol.B119, 2005, pp125-133
Birnin-Yauri, UA, and Glasser, FP, Friedel‘s salt, Ca2Al(OH)6(Cl,OH).2H2O: Its solid solutions and their role
in chloride binding, Cement and Concrete Research, Vol. 28, 1998, pp1713-1723
Bourcier, W.L., ‗Critical Review of Glass Performance Modeling‘, ANL-94/17, Argonne National
Laboratory, Argonne, 1994
British Standards Institution, BS 6920, Suitability of non-metallic products for use in contact with water
intended for human consumption with regard to their effect on the quality of water. Methods of test, 2000
British Standards Institution, BS EN 1242-2, Stabilized materials for civil engineering purposes – Part 2:
Methods of test for cement-stabilized and lime stabilized materials, 1990
British Standards Institution, BS EN 12457, Characterisation of waste. Leaching compliance test for
leaching of granular waste materials and sludges, 2002
British Standards Institution, BS EN 12390-2, Testing hardened concrete – Part 2: Making and curing
specimens for strength tests, 2000
British Standards Institution, BS EN 12390-3, Testing hardened concrete – Part 3: Compressive strength
of test specimens, 2002
Brown, P.W., The system Na2O-CaO-SiO2-H2O, Journal of the American Ceramic Society, Vol. 73, 1990,
pp3457-61

SID 5 (Rev. 3/06)

Page 17 of 21

Bye, G.C., ‗Portland Cement – Composition, Production and Properties‘, Thomas Telford, London, 1999,
225pp
Carde, C., François, R. and Torrenti, J.-M., Leaching of both calcium hydroxide and C-S-H from cement
paste: modeling the mechanical behaviour, Cement and Concrete Research, Vol.26, 1996, pp1257-1268
Carde, C. and François, R., Effect of the leaching of calcium hydroxide from cement paste on mechanical
and physical properties, Cement and Concrete Research, Vol.27, 1997, pp539-550
Carde, C. and François, R., Modelling the loss of strength and porosity increase due to the leaching of
cement pastes, Cement and Concrete Composites, Vol.21, 1999, pp181-188
Carr, S. and Rowling, G., SYVAC-D/2 User Guide, NEA-1023/04, 1988
Clement, B., Physico-chemical characterization of 25 French landfill leachates, Proceedings of Sardinia
th
95, 5 International Landfill Symposium, CISA, Cagliari, 1995, pp315-325
Comité Europeén de Normalisation, PrCEN/TS 14429:2004 - Leaching Behaviour Tests – Influence of pH
on Leaching with Initial Acid/Base Addition, Comité Europeén de Normalisation CEN TC292/WG6,
Brussels, 2004
Construction Industry Research and Information Association, CIRIA Special Publication 107, Remedial
Treatment for Contaminated Land Ex-Situ Remedial Methods for Soils, Sludges and Sediments,
Construction Industry Research and Information Association, 1995, 173pp
Cramer, W., Materials in contact with drinking water and the Council Directive 98/83/EC. Transposition of
the “Council Directive 98/83/EC of 3 November 1998 on the quality of water intended for human
consumption” into the national laws in the EU associated countries; SZU Workshop in Prague, May 1999.
National Institute of Public Health, Prague / Umweltbundesamt, Berlin, 1999
Dhir, R.K., Dyer, T.D., Halliday, J.E. and Paine, K.A., ‗Value Added Recycling of Incinerator Ashes‘, CTU
Report CTU/1802, University of Dundee, Dundee, 2002, 267pp
Dominguez, E.A. and Ullmann, R., 'Ecological bricks' made with clays and steel dust pollutants, Applied
Clay Science, Vol. 11, 1996, pp237-249
Dyer, T.D., Halliday, J.E. and Dhir, R.K., Influence of solid solutions on chloride leaching from wasteforms,
Proceedings of the ICE – Waste and Resource Management, Vol.159, 2006, pp131-139
EC/DGIII, Feasibility study on a possible convergence of the approval schemes of 4 Member States for
construction products in contact with water intended for human consumption. Final Report. Working
Document Construct 99/34 submitted to the Standing Committee on Construction, Brussels, 1999
Edelchemie Website, http://www.edelchemie.com/, 2006
Eighmy, T.T., Eusden, J.D., Krzanowski, J.E., Domingo, D.S., Stämpfli, D., Martin, J.R. and Erickson,
P.M., Comprehensive approach toward understanding element speciation and leaching behaviour in
municipal solid waste incineration electrostatic precipitator ash, Environmental Science and Technology,
Vol. 29, 1995, pp629-646
Environment Agency, ‗Guidance on Sampling and Testing of Wastes to Meet Landfill Waste Acceptance
Procedures‘, Environment Agency, 2005, 90pp
Environment Agency, EA NEN 7371:2004 - Determination of the Availability of Inorganic Components for
Leaching. – Solid Earthy and Stony Materials, (translation of the Netherlands Normalisation Institute
Standard), Environment Agency, 2004, 12pp
Environment Agency, EA NEN 7375:2004 - Leaching Characteristics of Moulded or Monolithic Building
and Waste Materials Determination of Leaching of Inorganic Components with the Diffusion Test - ‗The
Tank Test‘, (translation of the Netherlands Normalisation Institute Standard), Environment Agency, 2005,
32pp
Environment Agency, Guidance on the Waste Treatment Requirements of Article 6(a) of the Landfill Directive,
Version 2.1 - Draft for External Consultation, Environment Agency, 2001, 71pp
European Committee for Standarization, prEN-14429, Proposed European norm for pH dependent leach
testing of granular material. CEN, Brussels, 2002
Faucon, P., Le Bescop, P., Adenot, F., Bonville, P., Jacquinot, J.F., Pineau, F. and Felix, B., Leaching of
cement: study of the surface layer, Cement and Concrete Research, Vol.26, 1996, pp1707-1715
Faucon, P., Adenot, F., Jorda, M. and Cabrillac, R., Behaviour of crystallised phases of Portland cement
upon water attack, Materials and Structures, Vol.30, 1997, pp480-485

SID 5 (Rev. 3/06)

Page 18 of 21

Faucon, P., Adenot, F., Jacquinot, J.F., Petit, J.C., Cabrillac, R. and Jorda, M., Long-term behaviour of
cement pastes used for nuclear waste disposal: review of physico-chemical mechanisms of water
degradation, Cement and Concrete Research, Vol.28, 1998, pp847-857
Felmy, A.R., Girvin, D.C. and Jenne E.A., MINTEQ - A Computer Program for Calculating Aqueous
Geochemical Equilibria EPA-600/3-84-032, 1984
Gougar, M.L.D., Scheetz, B.E. and Roy, D.M., Ettringite and CSH Portland cement phases for waste ion
immobilisation: a review, Waste Management, Vol. 16, 1996, pp295-303
Grambow, B., A general rate equation for nuclear waste glass corrosion, Materials Research Society
Symposium Proceedings, Volume 44, 1985, pp16-27
Grambow, B., Nuclear Waste Glass Dissolution: Mechanism, Model and Application, Swedish Nuclear
Fuel and Waste Management Co., JSS Project Report JSS-87-02, 1987
Gronow, J., Private Communication, 2008
Hadlock, L.R., Hellstrom, D.L., Mikulis, M.J.B. and Little, A.D., FFSM: Far-Field State Model ONWI-436,
1983
Halim, C.E., Short, S.A., Scott, J.A., Amal, R. and Low, G., Modelling the leaching of Pb, Cd, As and Cr
from cementitious waste using PHREEQC, Journal of Hazardous Materials, Vol.A125, 2005, pp45-61
Hong, S.-Y. and Glasser, F.P., Alkali sorption by CSH and CASH gels. Part II. Role of alumina, Cement
and Concrete Research, Vol. 32, 2002, pp1101-1111
Hong, S.-Y. and Glasser, F.P., Alkali binding in cement pastes. Part I. The CSH phase, Cement and
Concrete Research, Vol. 29, 1999, pp1893-1903
Jones, D.L., Williamson, K.L. and Owen, A.G., Phytoremediation of landfill leachate, Waste Management,
Vol.26, 2006, pp825-837
o

Kalousek, G.L., Studies of portions of the quaternary system soda-lime-silica-water at 25 C, Journal of
Research of the National Bureau of Standards, Vol. 32, 1944, pp285-302
Kienzler, B., DIFMOD, Mathematical Modelling of the Corrosion and Leaching Behaviour of Cemented
Waste Forms, KfK-3905, 1985
Kilshtok, G., WAPPA: A Waste Package Performance Assessment Code. ONWI-452 INTERA
Environmental Consultants, Inc., 1983
Knoll, K.L. and Behr-Andres, C., Fluidized-bed-combustion ash for the solidification and stabilization of a
metal-hydroxide sludge, Journal of the Air and Waste Management Association, Vol. 48, 1998, pp35-43
Kosson, D.S., van der Sloot, H.A., Sanchez, F. and Garrabrants, A.C., An integrated framework for
evaluating leaching in waste management and utilization of secondary materials, Environmental
Engineering Science, Vol.19, 2002, pp159-204
Kylefors, K., Evaluation of leachate composition by multivariate data analysis (MVDA), Journal of
Environmental Management, Vol.68, 2003, pp367-376
Le Forestier, L. and Libourel, G., Characterization of flue gas residues from municipal waste combustors,
Environmental Science and Technology, Vol. 32, 1998, pp2250-2256
Lehmann, N.K.J., Hansen, J.B., Wahlström, M., Fällman, A.-M. and Hjelmar, O., Influence of critical test
conditions on the results of pH-dependent leaching tests. Technical Report TR466, Nordtest, Espoo,
Finland, 2000
Light, W.B., Chambre, PL, Lee, W.W.-L. and Pigford, T.H., An Updated Computer Code for Radionuclide
Chain Migration: UCB-NE-10.4, Transactions of the American Nuclear Society, Vol. 62, 1990, pp95-96
Loizidou, M., Kapetanios, E.G. and Papadopoulos, A., Assessment of leachate characteristics and its
treatability, Fresenius Environmental Bulletin, Vol.1, 1992, pp748-753
Marchand, J., Bentz, D., Samson, E., and Maltais, Y., Influence of Calcium Hydroxide Dissolution on the
Transport Properties of Hydrated Cement Systems. Published in "Reactions of Calcium Hydroxide in
Concrete," American Ceramic Society, Westerville, OH, 2001, pp113-129
Martin, G.M.A., Auzmenti, A.I. and Olozaga, C.P., Landfill leachate: variation of quality and quantity,
th
Proceedings of Sardinia 95, 5 International Landfill Symposium, CISA, Cagliari, 1995, pp345-354
Martin, G.M.A., Auzmenti, A.I. and Olozaga, C.P., Multivariate analysis of leachate analytical data from
th
different landfills in the same area, Proceedings of Sardinia 95, 5 International Landfill Symposium, CISA,
Cagliari, 1995, pp365-376

SID 5 (Rev. 3/06)
Page 19 of 21
Tsonis, S., Characteristics and treatability of the leachate from the municipal landfill of the city of Patras,
Proceedings - Protection and Restoration of the Environment IV, Aegean University, Mitilini, 1999, pp667-

Noorishad, J., Carnahan, C.L. and Benson, L.V., Development of the Non-Equilibrium Reactive Chemical
Transport Code CHMTRNS LBL-22361, 1987
Park, J.-Y. and Batchelor, B., Prediction of chemical speciation in stabilized solidified wastes using a
general chemical equilibrium model Part I. Chemical representation of cementitious binders, Cement and
Concrete Research, Vol. 29, No. 3, 1999, pp361-368
Park, J.-Y. and Batchelor, B., Prediction of chemical speciation in stabilized solidified wastes using a
general chemical equilibrium model II: Doped waste contaminants in cement porewaters, Cement and
Concrete Research, Vol. 29, No. 1, 1999, pp99-105
Parkhurst, D.L., Thorstenson, D.C. and Plummer, L.N., PHREEQE – A computer program for geochemical
calculations, U.S. Geological Survey, USGS-WRI-80-96, 1980
Parkhurst, D.L. and Appelo, C.A.J., Users guide to PHREEQC (Versions 2) - A computer program for
speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations, U.S.
Geological Survey Water Resources Investigations Report 99-4259, 1999, 312pp
Parratt, J., and Aumônier, J., Recycling ferrous by-products, Steel Technology International, 1996
Paul, A., Chemical durability of glasses; a thermodynamic approach, Journal of Materials Science, Vol.12,
1977, pp2246-2268
Paul, A., Chemistry of Glasses, 2

nd

ed., Chapman and Hall, London, 1990

Pauling, L., ‗General Chemistry‘, Dover, New York, 1988, 959pp
Pearson, Jr. F.J., Noronha, C.J. and Andrews, R.W., Mathematical modeling of the distribution of natural
14-C, 234-U, and 238-U in a regional groundwater system. Radiocarbon, Vol. 25, 1983, pp291-300
Plummer, L.N., Parkhurst, D.L., Flemming, G.W. and Dunkle, S.A., PHRQPITZ – A computer program
incorporating Pitzer's equation for calculation of geochemical reactions in brines, U.S. Geological Survey,
Water Resources Investigations Report 88-4153, 1988
Rémond, S., Bentz, D.P. and Pimienta, P., Effects of the incorporation of municipal solid waste
incineration fly ash in cement pastes and mortars. II: Modeling, Cement and Concrete Research, Vol. 32,
2002, pp565-576
Richardson, I.G. and Groves, G.W., The incorporation of minor and trace elements into calcium silicate
hydrate (CSH) gel in hardened cement pastes, Cement and Concrete Research, Vol. 23, 1993, pp131-138
Shih, P.-H., Chang, J.-E., Lu, H.-C. and Chiang, L.-C., Reuse of heavy metal-containing sludges in cement
production, Cement and Concrete Research, Vol.35, 2005, pp2110-2115
Sofia, A.C. and Swaminathan, K., Assessment of the mechanical stability and chemical leachability of
immobilized electroplating waste, Chemosphere, Vol.58, 2005, pp75-82
Stade, H., On the reaction of CSH(di,poly) with alkali hydroxides, Cement and Concrete Research, Vol.
19, 1989, pp802-810
Stegemann, J.A., Roy, A., Caldwell, R.J., Schilling, P.J. and Tottsworth, R., Understanding environmental
leachability of electric arc furnace dust, Journal of Environmental Engineering, Vol. 126, 2000, pp112-120
Stegemann, J.A. and Schneider, J., Leaching potential of municipal waste incinerator bottom ash as a
function of particle size distribution, Waste Materials in Construction, 1991, pp135-143
Sullivan T.M. and Suen, C.J., Low-Level Waste Shallow Land Disponsal Source Term Model: Data Input
Guides NUREG/CR-5387, BNL-NUREG-52206, 1989
Tamás, F.D., Csetényi, L. and Tritthart, J., Effect of adsorbents on the leachability of cement bonded
electroplating wastes, Cement and Concrete Research, Vol. 22, 1992, pp399-404
Tan, L.C., Choa, V. and Tay, J.H., The influence of pH on mobility of heavy metals from municipal solid
waste incinerator fly ash, Environmental Monitoring and Assessment, Vol. 44, 1997, pp275-284
Tatsi, A.A. and Zouboulis, A.I., A field investigation of the quantity and quality of leachate froma municipal
solid waste landfill in a Mediterranean climate (Thessaloniki, Greece), Advances in Environmental
Research, Vol.6, 2002, pp207-219
Taylor, H.F.W., Cement Chemistry, 2

nd

ed, Thomas Telford, London, 1997, 459pp

Taylor, H.F.W., A discussion of the papers ―Models for the composition and structure of calcium silicate
hydrate (CSH) gel in hardened tricalcium silicate pastes‖ and ―The incorporation of minor and trace
elements into calcium silicate hydrate (CSH) gel in hardened cement pastes‖ by Richardson IG, and
Groves, GW, Cement and Concrete Research, Vol. 23, 1993, pp. 995-998

SID 5 (Rev. 3/06)

Page 20 of 21

The Council of the European Communities, Council Directive on Hazardous Waste, CONSLEG:
1991L0689 — 22/07/1994, Office for Official Publications of the European Communities, 2000
The Council of the European Communities, European Waste Catalogue, CONSLEG: 2000D0532 —
01/01/2002, Office for Official Publications of the European Communities, 2000
Townsend, T., Jang Y.-C. and Tolaymat, T., A Guide to the Use of Leaching Tests in Solid Waste
Management Decision Making, Report #03-01(A) Florida Center for Solid and Hazardous Waste
Management, University of Florida, Gainesville, Florida, USA, 2003
Trotignon, L., Devallois, V., Peycelon, H., Tiffreau, C. and Bourbon, X., Predicting the long term durability
of concrete engineered barriers in a geological repository for radioactive waste, Physics and Chemistry of
the Earth, Vol.32, 2007, pp259-274
Tsonis, S., Characteristics and treatability of the leachate from the municipal landfill of the city of Patras,
Proceedings - Protection and Restoration of the Environment IV, Aegean University, Mitilini, 1999, pp667674
Tsukamoto, M. and Fujita, T., RAPRAN User's Manual NEA-1539/01, 1997
Valle, F.J., Rivera, E. and Rincon, J.M., Characterization of steel waste powder used for colouring
applications in bricks manufacturing, La Revue de Métallurgie - CIT, Vol. 92, 1995, pp681-686
van der Sloot H.A. and Cnubben, P.A.J.P., Verkeneede evaluatie kwaliteitsbeinvloeding
poederkoolvliegas: bijstoken van biomassa in een poederkoolcentrale of bijmenging van biomassa-assen
met poederkoolvliegas. ECN-C-00-058 report, 2000
van der Sloot, H.A. and Dijkstra, J.J., Development of horizontally standardized leaching tests for
construction materials: a material based or release based approach? ECN-C-04-060 report, 2004, 56 pp
van der Sloot, H.A. and Hoede, D., ECN. Brandstoffen, Conversie en Milieu. Long term leaching behaviour
of cement mortars. ECN-C-97-042 report, 1997, 102pp
van der Sloot, H.A., Heasman, L. and Quevauviller, Ph. (Eds.), Harmonization of leaching/extraction tests,
1997. Studies in Environmental Science, Volume 70. Elsevier Science; Amsterdam, 2000(a), 292 pp
Wakeley, L.D., Poole, T.S., Weiss, C.A. and Burkes, J.P., Geochemical Stability of Cement-Based
Composites in Magnesium Brines, Proceedings of the Fourteenth Annual International Conference on
Cement Microscopy, Costa Mesa, California USA, 1992, pp333-350
Way, S.J. and Shayan, A., Study of some synthetically prepared hydrous alkali calcium silicates, Cement
and Concrete Research, Vol. 22, 1992, pp915-926
Westall, J.C., Zachary, J.L. and Morel, F.M.M., MINEQL Chemical Equilibrium Composition of Aqueous
Systems, 1984, TM-45-82-38
Wolery, T.J., ‗EQ3/6, A Software Package for Geochemical Modeling of Aqueous Systems: Package
Overview and Installation Guide, Lawrence Livermore National Laboratory Report UCRL-MA-110662 PT
1, 1992

SID 5 (Rev. 3/06)

Page 21 of 21

